Aminoallenylidene complexes tr(/ns-[CI(dppmhRuC 3 (NRR')(CH 3 W are obtained fr ? m the re � iosel � ctiv � addition of secondary amines to trans-[CI(dppm)2Ru=C=C=C=CH2l'. Un symmetrically substituted ammes give ns . e to ZI E isomeric mixtures. Dynamic 3 1p NMR spectroscopy gave an energy barrier of about 85 kJ mol-I for rotatIOn around the CN-bond pointing to a large contribution of the iminium alkynyl resonance form trans-[CI(dppmhRu-C= -C C(=NRR ')(CH 3 )], . This is also indicated by the pronounced bond length alternation � ithin � he �uC 3 N-cha�n as is revealed by X-ray structure analysis of the Z isomer of the (benzylmethyl)methylamme denvatIve 2d. The Issue of NR2 rotation was also addressed by DFT calculations on the trans-[CI(dhpmhRuC 3 {N(CH 3 )2}(CH 3 W model complex (dhpm = H2PCH2PH2). Upon rotation around the iminium type CN bond, the nitrogen lone pair and the It-system of the allenylidene ligand are decoupled, resulting in a significantly longer CN bond and a tetrahedrally coordinated nitrogen atom.
Introduction
Allenylidene complexes continue to attract great attention as reactive organometallic building blocks allowing for further functionalization of the reactive cumulenylidene ligand. lGratifyingly many of these transformations proceed in a highly regioselective manner. This is due to the alternation of nucleo philic and electrophilic sites along the unsaturated ligand and the directing electronic and steric influence of the transition metal moiety. While reactions of coordinatively unsaturated, yet electron rich transition metal complexes with suitably sub stituted propargylic alcohols according to Selegue's protocol s provide a highly useful access route to all-carbon substituted allenylidene complexes, congeners with a heteroatom substit uent attached to the allenylidene ligand cannot be prepared in this manner. Although a first aminoallenylidene complex was published as early as 1976, 6 more general routes were only developed during the past decade. Some involve the nucleo philic substitution of the alkoxy group of alkynyl substi tuted Fischer carbene complexes (CO)sM=C(OR)(C=CR') by secondary amines 7 -9 or the Lewis-acid induced abstraction of a NR2 group from anionic complexes [(CO)sM-C=C C(NMe2hr (M = Cr, W).1O Other methods employ complexes having even more extended cumulenylidene ligands. Thus, cat ionic methyl or vinyl substituted aminoallenylidene complexes are formed from the regioselective addition of secondary amines to the remote C--CR 2 double bond of complexes [{Ru}= C=Cn=CR2], (n = 2: {Ru} = CpRu(PPh 3 )2,11,1 2 n = 3: {Ru} = trans-CI(dppehRu,1 3 {Ru} = (1l 6 -C 6 Me 6 )Ru(PR 3 )CI1 4 ). Similar reactions of neutral {(CO)sCr=C=C=C--C=C(NMe2)2} have also been reported. 10 We have recently shown that the addition of allyl substituted tertiary amines to the carbon atom Cr of the elusive primary butatrienylidene intermediates tlYlns-[CI(L2h Ru=C=C=C--CH2], (L2 = dppm, dppe, depe) initially provides ammoniobutenynyl complexes trans-[CI(dppmhRu-C-=C-C (NMe2CH2CH=CRH)=CH2] which readily undergo Cope type rearrangement to their aminoallenylidene isomers trans-[CI(L2hRu=C--C=C(NMeh(CH2CRHCH=CH2)J I .I S ,1 6 As part of our ongoing investigations on the reactivity of the primary butatrienylidene complex trans-[CI(dppmhRu=C--C= C=CH2r we have investigated its reactions with symmetrically and unsymmetrically substituted secondary amines R2NH and RR'NH. The results of these studies are reported herein and include (i) the synthesis and characterization of aminoallenyl idene complexes tlYlns-[CI(dppmhRu=C--C=C(NRR')(CH 3 )], , (ii) the formation of ZIE isomeric mixtures when unsymmetric ally substituted secondary amines are employed, the latter being due to restricted rotation around the CrN bond, (iii) the determination of the rotational barriers for the Z---'E E---'Z and (iv) the results of a theoretical study on trans-[CI(dppmh Ru=C=C=C{ N (CH 3 M (CH 3 )]' and trans-[CI( dh pm)2Ru=C--C= C{N(CH) 2}(CH 3 W (dhpm = H2PCH2PH2). The latter model complex was introdueed in order to address the energy barrier to rotation around the CyN bond. The Z-isomer of the N-benzylmethylamine derived c o mplex was also characterized by X-ray analysis. Scheme 1 ef f ects.1 from the ammonium site to the neighbouring methylene group to afford aminoallenylidene complexes trans-[Cl(dppm),Ru=C= C--C(NRR')(CH 3 )], (2a-f) as greenish to orange yellow air stable solids after appropriate workup (Scheme I). In contrast to the addition/Cope-type rearrangement sequence observed with allyl substituted tertiary amines as trapping agents 1 5 , 1 6 we have not been able to detect the primary addition products trans-[CI(dppmhRu-C=C-C(NRR'H)=CH,l''1 by either 3 1p NMR or IR spectroscopies. Proton migration from the primary addition product may occur via a deprotonation/reprotonation sequence catalysed by the excess amine. This would account for the lower lifetime of such an intermediate. Much to our sur prise, the diethylamino substituted complex 2a was also formed in good yield from the trapping of the butatrienylidene inter mediate by 4-(diethylaminomethyl)-2,5-dimethylphenol. This process requires des ami nation of the primary addition product as is shown in Scheme 2. 4-Methylene-2,5-dimethylcyc10-hexadienone or 2,5,2',5' -tetramethylstilbene-4,4' -diol may be envisioned as the organic byproducts. All our attempts to verify the formation of any of these have not led to unambiguous results. Since 4-alkylidenecyc1ohexadienones are accessible from 4-chloromethylphenols by base promoted HCI elimin ation," a similar degradation of the primarily formed organo metallic ammonium salt with concomitant formation of the reactive quinoidal ketone constitutes a likely pathway for this degradation step.
In their IR spectra the CCC-valence band of the unsaturated ligand often referred to as the "allenylidene stretch" is observed as a highly intense band at 1992 cm 1 for the diethylamino substituted complex 2a but at considerably lower energies (1967 and 1941 cm � 1 ) for the iminostilbene and phenothiazine derived complexes 2b,c. The same holds for another prominent feature which appears at ca. 1550-1570 cm'l for alkylamino substi tuted allenylidene complexes but is shifted to ca. 1490 cm�1 for complexes 2b,c. Our previously reported calculations at the D FT level of theory have shown that the band at higher energy mainly involves the CuC11 bond, reflecting the bond order at this specific position. 
[
Scheme 2 element within the ligand backbone. 2 1 In 2b,c this asymmetry presumably arises from the relative orientations of the two planes defined by the metal atom, the carbon atoms of the unsaturated ligand and the atoms linked to Cy on one hand and the ring plane of the heterocycle on the other. This is schemat ically shown in Chart 2 where the solid bar represents the plane of the organic heterocycle. Interconversion between the two enantiomers requires rotation around the CyN bond. This pro cess is, however, slow on the NMR timescale.1 6 Upon warming a solution of 2b in CD 3 N02 to 368 K no broadening of the individual resonance lines of either the multiplet signal in the 3 1p NMR or the resonance signals in the IH NMR spectra were observed. Judging from the shift difference of 36.5 Hz between the two olef i nic two arene rings, the rotational barrier must well exceed 78 kJ mol-I.
Chart 2
Hindered rotation around this bond is, however, not restricted to derivatives with bulky substituents on the nitrogen atom but may be attenuated by these. In several NMe2 substi tuted derivatives and in the diethyl substituted complex 2a the nitrogen bound substituents were always found to be non equivalent, even at elevated temperature. We note that the room-temperature NMR spectra of neutral aminoallenylidene complexes of the Cr(CO)s moiety also indicate the presence of magnetically inequivalent amine substituents.' -I O High barriers to rotation around the CrN bond thus seem to be an intrinsic property of these systems. In this respect, complexes 2b,c do not differ from their aliphatic counterparts.
Derivatives: tralls-[CI(dppmhRu=C=C=C(NRR')(CH3)]+
Due to hindered rotation around the CrN bond, the addition of un symmetrically substituted secondary amines results in the formation of the corresponding aminoallenylidene complexes as EI2 isomeric mixtures. Conjugation across the C3N ligand requires that the NRR' group is nearly coplanar with the RuC 3 N plane. In this conformation one of the substituents on the nitrogen atom inevitably points toward the diphosphine Iigands, leading to unfavourable steric interactions. The EI2 selectivity of the equilibrated isomeric mixtures therefore depends on the dif f erence substituents and increases from 3 : 2 for the benzylmethyl deriv ative 2d to 2 : I for the (9-anthracenylmethyl)methyl derivative 2e and to 7 : 3 for the tert-butylmethyl amine derivative 2f. The isomeric ratios were determined from the crude reaction prod ucts. Recrystallization or chromatographic workup resulted in a partial separation of these isomers and the isolation of the pure 2 isomer of the benzylmethyl amine derivative as dark yellow crystals. Spectroscopic studies on samples differing in their 21 E ratios allowed us to assign all crucial resonance signals to the individual isomers.
In each case the IH NMR resonances of substituents point ing toward the dppm Iigands appear at comparatively higher field. This can be traced back to the aromatic ring current of the nearby phenyl rings. The N-benzylmethylamine derivative 2d illustrates this point: The 2 isomer with the benzyl ring oriented toward the transition metal moiety shows singlet signals at J 2.68 ppm for the NCH 3 and at J 3.93 ppm for the NCH2 protons whereas these resonances are located at J 2.13 and 4.69 ppm for the E isomer. Similar trends are observed in their 1 3 C NMR spectra. Furthermore, each isomer displays a separate singlet signal in the 3 1p NMR spectrum. These different reson ances are, however, very closely spaced. In dynamic NMR the coalescence temperature increases with the shift difference between the resonances of those groups that are directly involved in the dynamic process. Their close proximity thus provided another opportunity to experimentally determine the activation energies associated with rotation around the CyN bond. In the case of the tert-butylmethyl derivative 2f we finally succeeded. Upon warming a solution of this complex in 1,2-C2D2CI 4 the two singlet resonance signals first broaden and finally coalesce at T = 398 K. At even higher temperatures the singlet resonance signal reversibly sharpens (Fig. I) .
In order to extract activation energies from these data one has to rely on a model that accounts for the presence of two energetically distinct and unequally populated states. This requires determining the resonance frequencies for both isomers over a wide temperature range. Within a regime sufficiently below the coalescence temperature T c the shift difference between the individual isomers is a linear function of temperature. Extrapolation to Tc furnishes the theoretical shift difference �Vth at T '" Tc. The rate constants for the mutual interconversion between the two isomers are available from eqns. (I) and (2), where �v represents the difference in reson ance frequencies and �p is the difference in the population of the energetically distinct states. The parameter X depends on �p and may be taken from tabulated values. 2 3 The free energies of activation �G' are then available from the rate constants as given by eqns. (3) and (4). 2 4 Here, kb is the Boltzmann constant, h the Planck constant and K the transmission factor which is usually set as equal to unity.
According to this procedure, the barri e rs to rotation were determined as 86.4 (£---> Z) and 84. I kJ mol-I (Z---> £), giving an energy difference of 2.3 kJ mol-I for the two isomers. For all other compounds the spacing of the resonance signals for the individual isomers was larger and did not allow us to access the free rotation limit. We note that the energy barriers obtained for 2f are somewhat lower as those observed for organic imines. 2 5 They agree, however, well with values reported for donor substituted iminium salts like the N,N-dimethyl (methylthio) and N, N-dimethylamino(methoxy) derivatives (Me2N)(EMe)C=NMe2 f (E = 0, S).
26 Despite their distinct NMR spectroscopic characteristics, only one CCC and C=N band in their IR spectra and only one oxidation wave in cyclic voltammetry (vide inJi"a) were observed for the isomeric mix tures. Obviously the influence of the relative orientations of the different substituents on the nitrogen atom on these properties is too small to be resolved.
Structural characterization of tralls-Z-[CI(dppm)2Ru=C=C=C (NMeCH2Ph)(CH3WSbF6 -
Dark yellow crystals of the Z isomer of the benzylmethylamine derivative 2d were obtained upon slow concentration of a solution in dichloromethane-diethyl ether and investigated by X-ray crystallography. A plot of the complex cation is shown in Fig. 2 while pertinent bond parameters are given as Table 1 . Common structural features of aminoallenylidene complexes are a pronounced bond length alternation along the C3 chain of the unsaturated ligand, a rather long Ru-C" bond and, most notably, a planar coordination of the nitrogen atom attached to C1. These mirror the strongly dipolar character of neutral con A closer inspection of the structure of compound 2d explains the rather low £IZ selectivity of 3 : 2. In the solid state the phenyl group is rotated away from the phenyl rings on the dppm ligands such that the benzyl group provides only little more steric hindrance than a methyl substituent. For the related anthracenylmethyl derivative 2e the orientation is likely the same. The more extended fused ring system increases the steric hindrance in the Z isomer such that the E/ Z selectivity is larger. In the Z isomer of the tert-butylmethyl derivative 2f one of the methyl groups at the tert-butyl substituent inevitably points toward the dppm ligand which further enhances steric discrimination between the two isomers
Electrochemical and spectroelectrochemical investigations
In cyclic voltammetry, complexes 2a,d-f undergo a reversible one-electron oxidation at potentials ranging from +0.41 to +0.59 V vs. the ferrocene-ferrocenium couple ( Table 2) . With reference to our earlier studies on closely related derivatives trans-[CI(dppm)2Ru=C--0=C(NR2)(C2H 4 CH=CH2)f (R = Me, CSHl O ) this process may be viewed as the Ru(n/m) couple.!6 Complexes 2d-f which exist as Z/E isomeric mixtures display only one slightly broadened anodic wave in cyclic voltammetry, square wave or differential pulse voltammetry experiments, the individual isomers being indistinguishable by electrochemical techniques. The oxidation of complex 2a has been followed by simul taneous IR monitoring in an ill situ spectroelectrochemical experiment. Upon oxidation the "allenylidene band" shifts by 45 cm-I to lower energy (vccc = 1948 cm-I) along with a con siderable absorptivity loss. The iminium type C=N band shows contrasting behaviour, moving to higher energy (from 1557 to 1597 cm-I) and retaining its original absorptivity (see also Table 3 ). Subsequent reduction regenerates the bands of the starting material in ca. 85% optical yield. These results are best accommodated by invoking the two mesomeric resonance forms IV and V (Chart 3). Both agree with the results from (Fig. 3) . If one assumes that the predominantly metal centred nature of the anodic oxidation process is still retained in 2b,c, this finding provides evidence for effective conjugation along the ruthen abutatriene chain. The electronic properties of the amine (iminium) substituents are thus effectively transmitted from the iminium to the {Cl(dppm),Ru} sites across the C l chain. Some ambiguity as to the oxidation site, however, arises from the fact that the parent heterocyclic amines are themselves electroactive, being oxidized at even less anodic potentials than is typically the case for the aminoallenylidene complexes under study.l O ,l! In principle, 2b,c therefore might form mixed-valent species exhibiting intramolecular electron transfer between an organic and a (predominantly) inorganic redox site.l Evidence from spectroelectrochemical studies, however, argues against any involvement of the heterocylic substituent in the oxidation process. Spectroscopic changes upon oxidation are qualitatively identical as for complexes with aliphatic substi tuents on the iminium nitrogen atom as is exemplified for com plex 2b. In IR spectroscopy (see Fig. 4 ) the allenylidene band shifts by some 60 cm -I to lower energy with, again, considerable loss in intensity. The intensity loss probably arises from the fact that the unsaturated ligand bridges two positively charged centres (i.e. the Ru atom and the iminium moiety) in the oxid ized state, while only one positively charged entity is present in the monocationic Ru(u) species. This reduces the dipole moment change during the C 3 valence stretch. Similarly, the CCC-band is reportedly much weaker in neutral allenylidene complexes than in monocationic ones. 33 The same holds for the e=-C stretch of apolar alkynyl complexes when compared to polar ones. 3 4 As for 2a, oxidation is also accompanied by a high-energy shift of the C=N band from 1494 to 1542 cm-I. This indicates a further enhancement of the iminium character in the oxidized state and clearly argues against a ligand centred oxidation process. Similarly to other alkylamino substituted allenylidene complexes, the absorption bands in the visible regime are shifted to higher energies upon oxidation as revealed by UVlVis spectroelectrochemistry. The lower energy band (the HOMO-->LUMO transition) gains in intensity while the absorptivity of the second band (the HOMO -l-->LUMO transition) decreases (Fig. 5) . We note that the trend toward red shifted absorption bands of derivatives with less electron donating substituents is also retained in the Ru(m) forms as follows from the comparison between the oxidized forms of complexes 2a and 2b (see Table 3 ). We therefore conclude that for the heterocyclically substituted derivatives the oxidation process still has predominant metal character. Conversion of the heterocyclic amines to iminium type derivatives obviously leads to a strong anodic shift of the oxidation potentials of the heterocyclic moiety. In fact, we have not found any additional anodic wave up to the discharge limit of the supporting electrolyte solution.
The lesser electron donating character of the NR2 moiety in compounds 2b,c also leaves its mark on their cathodic behaviour. While the reduction of complexes 2a and 2d-f occurs close to the cathodic solvent limit and is followed by fast chemical processes as was observed for similar derivatives (Table 2) ,1 6 2b,c are reduced at considerably less negative poten tials. More significantly, the reduction waves are partially reversible even under ambient conditions and at low sweep rates as is illustrated for compound 2b in Fig. 3 . At higher sweep rates or upon cooling the chemical follow reactions are efficiently suppressed, rendering the reduction chemically and electrochemically reversible. At lower sweep rates and ambient temperature additional peaks/waves are observed during the reverse scan following reduction (peaks B and C/C' in Fig. 3 (b». Since complexes 2b,c olTer at least partial reversibility in their electrochemical reduction it was of interest to investigate this process under the same in situ IR-conditions. Upon reduction, the IR band of the allenylidene ligand collapses with the con comitant formation of tlVO considerably less intense absorp tions at 2057 and 2073 cm-I (ESI, tFig. Sl(a». Both are typical of neutral alkynyl species. These results agree nicely with our observations on the reduction of sulfur 3 5 and selenium substi tuted 3 6 allenylidene complexes and studies on the chemical reduction of carbon substituted allenylidene complexes by the Touchard group. 3 7 Reoxidation was performed by slowly sweep ing the potential after exhaustive reduction and occurs in a stepwise fashion: the species displaying the lower energy IR band is consumed first with partial regeneration of the starting material. Most interestingly, the second product with the IR band at 2073 cm-I is also converted back to 2b upon oxidation at a more positive potential. This is indicated by the growth of the original allenylidene IR band (ESI, tFig. Sl(b» with the concomitant collapse of the alkynyl band at 2073 cm-I. For solutions as concentrated as for the experiment shown in Fig. 6 the optical yield of the regenerated starting material was only about 60% but better results (recovery of up to 80%) were obtained, when less concentrated samples requiring shorter electrolysis times were employed. In neither case IR bands other than those of the starting material and its reduction product(s) were present in the 2200 to 1500 cm I range throughout the experiment.
UVlVis spectroelectrochemical investigations on the reduc tion of 2b (ESI, tFig. S2) yields results that also compare well to those obtained with the sulfur and selenium substituted allenylidene complexes. The intense absorption band of the ruthenabutatriene chromophore is shifted from the visible to the near UV region of the spectrum and appears as a low-energy shoulder at ca. 336 nm superimposed on the intense absorption of the n->n* transition of the aryl substituted phosphine ligands (Table 3 ). 38 We note that neutral alkynyl complexes of ruthenium typically show absorptions at similar energies as is exemplifi ed by trans-[CI(dppmhRu-C= -- It is still not clear whether any of the newly formed bands belongs to the reduced form of the parent allenylidene complex or we are dealing with two different species arising from further chemical reactions of the authentical reduced species. We have, however, been able to characterize the primarily formed neutral radical by EPR techniques. Upon electrolytic reduction at reduced temperature (253 K) a resolved EPR signal at a g-value of 1.9959 was detected which irreversibly decays with time (Fig. 6) . The splitting pattern could be reproduced by invoking coupling to three S = 1/2 nuclei with A = 15.0 G (CH 3 ) and two pairs of inequivalent S = 1/2 nuclei with coupling con stants of 10.1 and 14.0 G (P) but without any coupling to the S = 1 nitrogen ato rJ . The spin densities calculated for the model complex trans-[Cl(PH 3 ) 4 Ru=C---C=C{N(CH 3 h}(CH 3 )]' are 0.046 (Ru), 0.403 (C,,), -0.142 (C' I)' 0.505 (C) and 0.140 {N(CH 3 U .1 6 The absence of any coupling to the nitrogen atom thus comes as a surprise. The presence of two different sets of to two 3 1p nuclei each, however, clearly shows that the element of asymmetry (i.e. the sterically demanding organic ligand) is still present in the reduced species and that rotation around the C=N bond is still slow. Moreover, it argues against any fragmen tation as does the overall chemical reversibility of the reduc tion->reoxidation sequence.
Theoretical investigations of the rotational barrier in amino alIenylidene complexes
Despite the distinct iminium alkynyl character of cationic aminoallenylidene complexes electronic effects need not be the only and not even the most important contributor to the energy barrier associated with rotation around the CrN bond. Unfavourable steric interactions between the phenyl substit uents on the diphosphine ligands and the substituents attached to the nitrogen atom may also play an important role. In order to disseminate between these two contributions we have undertaken a computational study employing the hydrogen substituted complex [CI(dhpm)2Ru=C=C ---C{N(CH (dhpm = H2PCH2PH2) as a model of a sterically unhindered derivative. Unlike the PH 3 substituted complex employed in our previous studies 1 6 this dhpm model includes the effect of the angular distortion exerted by the rigid four-membered chelate. It is, however, largely devoid of steric hindrance and may thus be viewed to represent the electronic portion of the rotation barrier.
Optimization yielded a ground state geometry with essen tially identical features as observed for the experimental ones such as short CuC� and CyN bonds and a planar coordinated iminium type nitrogen atom (see Table 4 ). Unlike in the real structure, however, the RuC 3 R and the NR2 moieties are strictly coplanar in the dhpm model complex. Starting from this geom etry the N(CH 3 )2 group was rotated around the CrN bond, the rotation being measured by the torsional angle CpCrNC(CH 3 ).
The energy change associated with CN rotation was calculated for every 10° change under the premise that the CyN(CH 3 )2 entity retains its planarity during rotation. An energy maxi mum was obtained for a torsional angle of 90°, i.e. an ortho gonal orientation of the N(CH 3 h moiety with respect to the RuCiCH 3 )N plane. Our results indicate an energy barrier of 148.8 kJ mol-I, which is substantially larger than the experi mental value. Geometry optimization of the orthogonal rotameric form revealed, however, a lower energy structure 109.3 (G98/B3LYP) or 108.8 (ADF/BP) kJ mol-I above the global minimum. As shown in Fig. 7 , it differs from the restricted geometry one in that the nitrogen atom is nearly tetrahedrally coordinated and the erN bond length is increased from 1.342 to 1.434 A (Table 4 ). The tetrahedral environment around the nitrogen e = 0" atom indicates that in the orthogonal orientation the nitrogen lone pair and the n-system of the RuC 3 entity are electronically decoupled. Qualitatively speaking, one might then expect the orthogonal rotameric form to more closely resemble a genuine cumulenic structure than is the case for the ground state struc ture, where the nitrogen lone pair is delocalized into the unsaturated n-system. Interatomic distances of both optimized forms as calculated by the ADF/BP and the G98/B3LYP levels of theory are compared in Table 4 . Upon rotation of the NR2 moiety to the orthogonal orientation the RuC" bond contracts by 4 � m. The C"C� b � nd is somewhat elongated and the Cr,c., bond IS compressed WIth respect to the planar iminium alkynyl structure. These structure changes, albeit small, are in quali tative agreement with a higher allenylidene character of the orthogonal form.
We have also calculated the structure of trans-[CI(dppmh RuC 3 {N(CH 3 h}(CH 3 )1' , a model that is even closer to com plex 2d studied by X-ray crystallography. The calculated bond parameters are provided in Table I and compared to the experimental values. The overall agreement between these data sets is remarkable. Replacement of the hydrogen atoms on the phosphine ligands by phenyl rings reproduces two important features of the experimental structure that were not seen in the dhpm model complex. Firstly, it induces a lowering of the symmetry such that all RuP bond lengths are now diff erent. Moreover, the N(CH 3 h entity is now ro tated out of the CIRuC 3 NC-plane. The calculated torsional angle C(2)-C(3) N-C (5) is _11.0° and slightly exceeds the experimental value of -7.3°. We note, that the degree of out-of-plane rotation strongly depends on the orientation of the phenyl rings which is slightly different in the calculated and the experimental struc tures. This latter observation shows that steric repulsion between the NRR' group and the phenyl substituents on the phosphine ligands is responsible for this out-of-plane distortion.
Conclusions
Aminoallenylidene complexes trans-[CI(dppmhRuC 3 (NRR') (CH 3 W are obtained from the regioselective addition of secondary amines to trans-[CI(dppmhRu=C=C=C--C H2r. Un symmetrically substituted amines give rise to Z/E isomeric mixtures, where the E isomer with the sterically more demand ing amine substituent pointing away from the metal dominates. The E/ Z isomeric ratio increases with a larger size difference between the unlike substituents R and R'. Rotation around the CN bond is slow due to a high energy barrier separating the two rotamers, which points to a prevalence of the iminium alkynyl resonance form. This finds support from the X-ray structure analysis of the Z isomer of the (benzylmethyl)methylamine derivative 2d. Dynamic 3 !p NMR spectroscopy gave a barrier of about 85 kJ mol�' in good agreement with the values observed for donor substituted organic iminium salts. The issue of NR2 rotation was also addressed by DFT calculations on the Irans-[CI(dhpmhRuCdN(CH 3 )2}(CH 3 W model complex (dhpm = H2PCH2PH2). Our results indicate that rotation around the iminium type CN bond decouples the nitrogen lone pair and the n-system of the allenylidene ligand resulting in a significantly longer CN bond and a tetrahedrally coordinated nitrogen atom.
Experimental

General reaction conditions
All reactions were performed under argon atmosphere but no special precautions as to exclude air or moisture were required during work-up. Within phenyl substituents basis sets of single-� quality for C and H atoms were used while triple-� quality basis sets with polarization functions for H, C, N, P, Cl and Ru were employed for the remaining part of the system. Inner shells were treated within the frozen-core approximation (I s fo r C and N, Is-2p for P and Cl, Is-3d for Ru). Local density approx imation (LDA) with VWN parametrization of electron gas data including Becke ' s gradient correction 5 0 to the local exchange expression in conjunction with Perdew ' s gradient correction S ! to the LDA correlation was used (ADF/BP). The scalar relativistic (SR) zero-order regular approximation (ZORA) was used within this study. For the calculation of the rotational barrier the real complex was approximated by a model system where the PPh2 entities were replaced by PH2 groups. The calcu lations on this model have been performed by both ADF/BP and G98/B3LYP methods. ADF/BP was utilized for geometry optimization of [CI(dppm)2RuCCC{N(CH 3 h} (CH 3 )1' .
Syntheses and characterization
A representative procedure for the synthesis of complexes 2a-e is as follows: cis-[RuCIldppmhl (180 mg, 0.181 mmol) and NaSbF 6 (191 mg, 0.74 mmol) were dissolved/suspended in 50 ml of dichloromethane and excess butadiyne was added via a precooled pipette. CAUTION: Butadiyne should be handled and stored under rigorous exclusion of air and at temperatures below 230 K. The mixture was stirred for ca. 30 min until the solution phase colour had changed to intense green. The appropriate amine was then added (ca. 6 eq.) and stirring was continued at ambient temperature until occasional IR control indicated constant intensity of the strong "allenylidene" band (typically 2-3 days). The mixture was filtered over a paper tipped cannula and the solvent removed in vacuo, leaving an intense coloured, somewhat oily or tarry residue. This was washed with copious amounts of ether and then hexanes in order to remove the excess amine and then dried under reduced pressure. This crude product was employed fo r the deter mination of the E/ Z isomer distribution by IH and 3 1p NMR spectroscopy. Further purification was achieved by column chromatography employing CHzClz-CH 3 CN 25 : 1-> 10 : I (v /v) as the mobile phase. Collecting the intense orange-red or greenish-yellow band in two or three portions mostly resulted in partial enrichment of one of the isomers with respect to the original isomer distribution. The solvents were removed and the powdery residues fu rther purified by reprecipitationlrecrystal Iization fr om CHzCI2-E tzO. In the case of the iminostilbene complex 2b several reprecipitation steps were required in order to remove the last traces of the amine while in the case of the phenothiazine derived complex 2c the excess amine was removed by vacuum sublimation. s2 Non-hydrogen atoms were ref i ned is disordered over two positions. Hydrogen atoms were added at calculated positions and assigned isotropic displacement parameters equal to 1.2 (CH, CH2) or 1.5 times (CH 3 ) of the Viso value of their respective parent carbon atoms and treated with appropriate riding models during the refinement. Other data pertinent to the data collection and structure solution are collected in Table 5 . CCDC reference number 175409. See http://www.rsc.orglsuppdata/dt/b2/b2117 74f/ for crystal lographic data in CIF or other electronic format.
